Abstract Genetic, biochemical, pathological, and biomarker data demonstrate that Alzheimer's disease (AD) pathology, including the initiation and progressive buildup of insoluble forms of beta-amyloid (Ab), appears to begin *10-15 years prior to the onset of cognitive decline associated with AD. Metabolic dysfunction, a prominent feature of the evolving brain pathology, is reflected in a decline of total glucose utilization. Despite decades of interest in declining glucose use in AD no detailed consideration had been given to the possibility that this decline is not just a decline in energy consumption but rather in glycolysis alone. Glycolysis is a multi-step process that prepares the glucose molecule for oxidative phosphorylation and the generation of energy. In the normal brain, glycolysis exceeds that required for the needs of oxidative phosphorylation. Because it is occurring in a setting with adequate oxygen available for oxidative phosphorylation it is often referred to as aerobic glycolysis (AG). AG is a biomarker of a group of metabolic functions broadly supporting biosynthesis and neuroprotection. The distribution of AG in normal young adults correlates spatially with Ab deposition in AD patients and cognitively normal individuals with elevated Ab. In transgenic mice extracellular fluid Ab and lactate, a marker of AG, vary in parallel regionally and with changes in activity. Reducing neuronal activity locally in transgenic mice attenuates plaque formation suggesting that plaque formation is an activitydependent process associated with aerobic glycolysis.
Introduction
Alzheimer's disease (AD) is the leading cause of dementia and the need for effective therapies for AD is great [1] . Genetic, biochemical, pathological, and biomarker data demonstrate that AD is a disorder of protein aggregation in which proteins that are normally soluble, aggregate into oligomers, fibrils, and other structures [2] . This process is linked with toxicity and neurodegeneration. The extracellular aggregation of the beta-amyloid (Ab) peptide in the brain is a key primary event in AD pathogenesis. There are strong data that AD pathology, including the initiation and progressive buildup of insoluble forms of Ab and tau, appears to begin *10-15 years prior to the onset of cognitive decline associated with AD [3] [4] [5] [6] . By the time even the earliest clinical symptoms of AD are detectable, Ab accumulation is close to reaching its peak, and there is usually a substantial amount of neurofibrillary tangle pathology. Importantly, there is also significant neuronal and synaptic loss in several brain regions relevant to memory and other cognitive functions [4] . The period in which AD pathology is accumulating during which there is no detectable cognitive decline has been termed preclinical AD. Neuroimaging findings suggest that the major growth in Ab burden occurs during a preclinical stage of AD, prior to the onset of AD-related symptoms [7] [8] [9] (Fig. 1) .
To understand the initiation of the AD process at the pathological level, the factors that influence the onset of AD pathology such as Ab aggregation need to be understood. Metabolic dysfunction appears to be involved with the decline of total glucose utilization being a prominent feature of the evolving brain pathology. Reduction of glucose utilization (up to 50 %) is a well-known pathological feature of AD that is known to occur early in the disease in human patients [10] [11] [12] . During early stages of AD, declines in global brain or parieto-temporal glucose utilization (45-50 %) are greater than in blood flow and oxygen consumption (20-30 %) [13, 14] . Only in the later stages of AD do the changes in blood flow and oxygen consumption become similar to the changes in glucose use [13, 15, 16] . This initial discrepancy between glucose consumption and blood flow/oxygen consumption suggests that changes in AG are dominating the initial metabolic features of AG. In this review, we will discuss the current knowledge on the relation of AG to brain functioning during normal lifespan and along the course of the AD pathology (Fig. 2) . is metabolized by hexokinase during glycolysis in the cytosol of the cell; however, unlike glucose-6-phosphate, FDG-6-phosphate is not metabolized further but accumulates intracellularly thus allowing visualization and measurement of local metabolic activity. The FDG technique is almost universally used in brain research with the tacit assumption that the glucose utilization measures energy metabolism via oxidative phosphorylation. However, the FDG technique measures only the first step in glucose metabolism, the phosphorylation to glucose-6-phosphate by hexokinase. Because the majority of glucose entering the adult human brain is metabolized ultimately to water and carbon dioxide via oxidative phosphorylation, ignoring the other potential fates of glucose has been accepted as an operational convenience when using FDGPET with little interpretive consequences (however, see [17] ). Fortunately, PET can provide measurement of not only metabolic rate of glucose (CMRGlu) but also metabolic rate of oxygen (CMRO 2 ) which allows estimation of glucose metabolism outside of oxidative phosphorylation, or aerobic glycolysis (AG) [18] .
Measurement of aerobic glycolysis (AG) using PET
AG is traditionally assessed in terms of the molar ratio of oxygen consumption to glucose utilization (i.e., the socalled oxygen-glucose index or OGI). When all of the glucose metabolized is converted to carbon dioxide and water the OGI is 6. A number less than 6 indicates that AG is present. In our studies, we estimate AG in this traditional manner by the voxel-wise division of relative CMRO 2 by relative CMRGlu and scaling the resulting quotient imaging to obtain a whole brain molar ratio of 5.3 based on earlier published work [19] .
While the OGI is a straightforward measure based on well-established metabolic principles, OGI images may be noisy in areas of low metabolism because they involve voxel-wise division. Also, the value of the OGI is inversely related to the degree of AG, a relationship sometimes confusing to readers. To overcome these limitations, we have defined a novel measure of AG in the brain: the glycolytic index (GI) [18, 20] . The GI is obtained by linear regression of CMRGlu on CMRO 2 and exhibiting the residuals scaled by 1,000. Positive GI values represent more AG and negative GI values represent less glycolysis than that predicted by the line of regression. The two measures of AG, OGI and GI, are highly correlated in our data (r = -0.913, p \ 0.001) [18, 20] .
Functions of AG
It is well established that AG is a ''biomarker'' of a group of metabolic functions which includes biosynthesis of glycogen, proteins, lipids and nucleic acids [21] ; neuroprotection through its role in managing reactive oxygen Reproduced with permission from Vlassenko et al. [7] species (ROS) and apoptosis [22] which, in the context of the normal brain is involved in synaptic remodeling, learning and memory [23] ; and the generation of energy for membrane pumps [24, 25] (Fig. 3) . Cell biology studies of neurons suggest that AG may be protective with regard to the neurotoxicity of beta-amyloid (Ab) [26, 27] , where high levels of AG protect and low levels do not. AG may have a relationship with cortical myelination [28] . Finally, the functions of AG, particularly those related to biosynthesis and neuroprotection, appear to be under the influence of insulin providing a connection between AG, AD and type 2 diabetes mellitus, a major risk factor for AD [29] . In what follows, we provide more details on the functions of AG and illustrated with the experimental and clinical observations.
The regional variations in AG in the normal human brain are substantial (Fig. 4) . In the ''resting brain'' (a term used to describe the brain when not actively involved in a goal-directed task) of healthy young adult, regions with significantly elevated AG are found bilaterally in prefrontal cortex, lateral parietal cortex, posterior cingulate/precuneus, lateral temporal gyrus, gyrus rectus, and caudate nuclei [18] . The highest levels of AG reside within two cortical systems, the default mode network (DMN) [30, 31] , which has come to be associated with a variety of selfreferential functions as well as a more fundamental role in the organization of brain function; and areas in frontal and parietal cortex that have been associated with task control processes [32] [33] [34] . The DMN decreases its activity during the performance of a wide variety of goal-directed tasks [35, 36] . This observation led to the concept of an intrinsically organized default mode of brain function [36] that is hierarchically organized around this group of brain areas subsequently dubbed the brain's default mode network (DMN) [37] [38] [39] .
Buckner and colleagues first observed that regions within the DMN are selectively vulnerable to Ab deposition by utilizing FDG PET and functional connectivity MRI combined with Ab imaging [39, 40] . Once Ab deposition occurs, several groups have shown that functional connectivity within this network diminishes even while subjects are still cognitively normal suggesting that Ab deposition is linked with network disconnection early in AD pathogenesis [41, 42] . Importantly, development of brain Ab deposition in cognitively normal people has now been shown to predict later onset of cognitive decline and AD [43] [44] [45] . In contrast to the DMN, significantly low AG is found bilaterally in the inferior temporal gyrus and throughout the cerebellum. A recent meta-analysis of studies on human brain oxygen and glucose consumption identified a similar regional variance of AG [46] . AG correlates with centrality as defined by large-scale, structural, and resting state functional connectivity studies of the human brain [18, 47] .
For future research the challenge will be to understand why levels of AG vary among brain systems. Although the AG overall correlates to varying degrees with CBF and various metabolic measurements, regional variations in CMRO 2 , the primary measure of the brain's energy metabolism, accounted for only 6 % of the variance in AG regionally in our recent study, indicating that factors other than energy requirements of brain work are contributing to the regional variations in AG in the normal human brain [18] . An attractive hypothesis is that the reason these centrally connected regions in the human brain are high in AG is that their function requires high levels of new synaptic growth and remodeling.
Energy
One factor responsible for ongoing AG in the brain is likely to be the need to support membrane-bound, ATP-dependent processes. A series of important experiments beginning in the early 1990s by Pierre Magistretti, Luc Pellerin and their colleagues [48] were able to establish that one source of the task-induced increases in AG is the energy demands of the membrane pump Na, K-ATPase in astrocytes [49, 50] . Increases in activity in the adult mammalian brain are largely caused by the release of the excitatory neurotransmitter glutamate. Glutamate is removed from the synapse by uptake into astrocytes in a sodium-dependent process. Sodium must then be removed from the astrocyte by Na ? , K ? -ATPase. The energy needed for this process comes from glycolysis which produces a net 2 ATP per molecule of glucose consumed (Fig. 3) . One might argue that it is inefficient to fuel such a critical pump by glycolysis given such a low yield of ATP for each molecule of glucose used. Moreover, recent studies using fluorescence resonance energy transfer nanosensors for glucose, lactate and ATP combined with a mathematical model of ATP dynamics demonstrated that Na ? pump does not discriminate between ATP generated by glycolysis and ATP generated by oxidative phosphorylation in mitochondria, and that the major part of pump requirements is satisfied by mitochondrial ATP [51] . Nevertheless, the advantage AG has over oxidative phosphorylation is that the ATP is produced at least 2 times faster [52] . Thus, where speed is important, such as at an excitatory synapse, one might posit that glycolysis is the way to go. Regardless of the reason, it is the case that Na ? , K ? -ATPase is fueled by glycolysis in all membrane systems in which it is found [24, 25, 53, 54] with lactate as a byproduct.
That glycolysis might supply ATP for membrane-bound Na ? , K ? -ATPase is neither new nor restricted to the brain. Data from human red cell membranes [24] , skeletal muscle [25] , vascular smooth muscle [53] , and neurons [54] all provide independent evidence in support of such a possibility. Because of the unique role of the astrocyte in using AG for glutamate cycling, it is interesting to note that the ratio of neurons to non-neuronal cells can vary greatly in the human brain [55] . For example, the cerebral cortex contains 19 % of the brain's neurons and 72 % of nonneuronal cells, whereas in the cerebellum the percentages are reversed (i.e., 80 and 19 %, respectively) [55] . This observation suggests that one of the factors contributing to the regional variation in AG may be the percentage of nonneuronal cells.
A more extended view of the role of AG in the generation of ATP has emerged from the observation that glycolytic enzymes are found in the postsynaptic density (PSD) [54] , a very dynamic complex containing various Fig. 4 AG, expressed as the GI, is illustrated here on the lateral and medial brain surface. Computed AG has been geodesically (parallel to the cortical surface) smoothed. The highest levels of AG occur in the medial frontal gyrus, precuneus, and posterior cingulate cortex. Reproduced with permission from Goyal et al. [81] ion-channel proteins, synaptic receptors, and signal transduction pathways [56] that are turning over and being replaced with half-lives of minutes, hours, days, or weeks [57] . In the PSD, Na ? , K ? -ATPase has been identified as critical for a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor turnover [58] . Na ? , K ? -ATPase dysfunction leads to a loss of cell-surface expression of AMPA receptors and a long-lasting depression in synaptic transmission [58] . If one of the reasons for positioning glycolytic enzymes in the PSD is to fuel the Na ? , K ? -ATPase pump, then AG assumes a critical role in synaptic plasticity. With regard to the energy needs of the PSD, it should be noted that mitochondria are rarely seen in dendritic spines [59, 60] in contrast to axons [61] , notwithstanding the fact that lactate transporters designed to import lactate into dendritic spines as mitochondrial fuel are present [62] .
Lactate can be converted to pyruvate and enter the Kreb's cycle where most of the brain's ATP is produced stimulating much debate as to the importance of lactate as an energy substrate for neurons [63] [64] [65] . Some lactate, of course, simply leaves the brain in venous blood, especially when arterial lactate is lower than brain lactate, such as during physical rest [66] . However, lactate may be used in the brain and influence neuronal function in several ways and by different mechanisms. It has been recently suggested that lactate may act not only as a fuel but also as an intercellular messenger helping active brain areas to recruit metabolic resources from neighboring regions [66] . The transfer of lactate from astrocytes to neurons was recently shown to be necessary for the establishment of long-term memory in an inhibitory avoidance paradigm and for the maintenance of long-term potentiation in the rodent hippocampus [67] . It has been reported that lactate can modulate neuronal activity through receptor-mediated pathway [68] and it may stimulate synaptic plasticity-related gene expression in neurons by a mechanism associated with changes in the intracellular redox state and the modulation of the N-methyl-D-Aspartate (NMDA) receptor activity and its downstream signaling cascade Erk1/2 [69] ; both publications providing important clues for better understanding the mechanisms and bases of the role of lactate in the establishment of long-term memory.
Neuroprotection
Glucose plays a critical role in protecting the brain against reactive oxygen species (ROS) and avoiding oxidative stress [70] , putatively an important factor in the pathophysiology of AD [71, 72] . The reduction of peroxides catalyzed by glutathione peroxidase generates glutathione disulfide; however, glutathione can be regenerated from glutathione disulfide by the action of glutathione reductase using NADPH as an electron donor. Glutathione in its reduced form is a major scavenger of ROS, therefore, constant NADPH supply is critical for the maintenance of cellular redox state. NADPH is mainly provided by the metabolism of glucose through the pentose phosphate shunt (PPP) when glucose-6-phosphate is diverted from glycolysis into the PPP by coordinated changes in the activities of phosphofructokinase-1 (PFK-1), the rate limiting enzyme for glycolysis, and glucose-6-phosphate dehydrogenase (G6PDH) the rate limiting enzyme for the PPP. The protective role of the brain PPP against ROS and apoptosis has been demonstrated in transgenic mice with increased expression of G6PDH when challenged with oxidative stress [73] . Also, upregulation of the PPP is a distinctive feature of surviving brain cells from individuals with DAT [74] . Of note, G6PDH is famous for the most common enzyme deficiency worldwide [75] .
Biosynthesis
PPP plays important role not only in maintenance of the cellular redox state and protection against ROS, but also in provision of important components of biosynthesis [76] . Through PPP glucose makes important contributions to anabolic processes in all organs of the body providing intermediates for cellular proliferation including NADPH, nucleotides for DNA replication [77] , and intermediates for fatty acid synthesis [78, 79] (Fig. 3) . In animal experiments, estimates of the amount of glucose entering the PPP in the mature brain have been generally low [80] .
In the developing nervous system, AG appears to play a substantial role, consistent with its potential to provide the building blocks for cell development and proliferation. In recent meta-analysis of prior studies of whole-brain glucose and oxygen consumption across the human lifespan, we identified several studies of human subjects dating back to 1953 that obtained quantitative measurements of wholebrain or cerebral glucose and oxygen consumption during various stages of life, including premature neonates, growing normal children, young adults, and the elderly [81] . We combined the reported values of whole-brain or cerebral glucose and oxygen consumption from these studies to create a summary representation of these metabolic variables as a function of age across the human lifespan.
We demonstrated that during much of adult life, brain glucose consumption is only slightly greater than that expected on the basis of brain oxygen consumption, and whole-brain AG disappears in the elderly (Fig. 5a) [81] . However, AG increases dramatically during childhood and accounts for approximately one-third of total glucose consumption at its peak age of *5 years, when total glucose consumption exceeds adult levels by a factor of two. To compare glucose and oxygen consumption to relative changes in cerebral blood flow, we presented the data in terms of a ratio relative to adult values (Fig. 5b) . The decrease in AG from young adulthood to a more advanced age has been described previously [82] ; in that study, the whole-brain OGI was 4.7 in normal subjects with mean age 21 in comparison to an OGI of 5.9 in older subjects with mean age of 71. Thus, brain AG peaks precisely when synaptic development peaks in the human brain during early childhood.
The next logical suggestion was that, if AG is increased in the developing brain, then regionally high AG in the adult human brain may reflect persistent developmental processes. The persistence of developmental features and processes into adulthood is referred to as ''neoteny'' [83] . To measure regional transcriptional neoteny in the human brain, we used the Brain Span Study, a publicly available, whole-genome gene expression microarray data set representing 16 different brain regions over 50 human brains across the fetal-adulthood lifespan [84] . To investigate the relationship between this regional neoteny index and AG, we assigned each of the 16 regions an AG value with regional PET imaging data previously obtained by our laboratory in resting, healthy young adults [18] . Across these 16 regions, the neoteny index was significantly correlated with AG. These results support the hypothesis that AG supports synaptic and neuritic formation as well as turnover, which most likely persists throughout the lifespan [57] .
Of note, tasks involving a significant learning component induce prolonged elevations of glycolysis [85] . This observation is of particular interest in that during the performance of the learning task brain blood flow, glucose consumption and lactate production are all elevated, an observation consistent with earlier work by us and others [86, 87] . However, during the post-task period Madsen and colleagues [85] demonstrated that when blood flow and lactate production returned to control levels glucose consumption remained elevated. Oxygen consumption did not change at any point during their experiment. Because of the relationship between lactate production, redox potential and blood flow [88, 89] it is attractive to posit that glucose has been diverted from glycolysis to serve some other important functions (presumably biosynthetic), and no lactate was produced.
Refining our understanding of how glucose is used in this critical period of development should receive high priority in future research. The necessary data must come from parallel measurements of CMRO 2 and CMRGlu that are required for the quantification of AG. Also of interest would be regional studies of the activity of enzymes critical for the control of the brain's intermediary metabolism during development.
AG and AD pathology
Over the past several years, we explored factors that dynamically regulate Ab levels in the extracellular space of the brain in vivo. Although molecular events surrounding secretase cleavage of APP are well understood, the cellular Fig. 5 a Whole-brain or cerebral total glucose consumption rates (blue circles) and a fit obtained with loess R (blue line) demonstrate an approximate doubling of CMRglu during early childhood. The expected glucose consumption based on measured oxygen consumption rates is also plotted (red circles and line). This also increases during early childhood, though it did so less than the measured changes in CMRglu, suggesting that approximately 30 % of the CMRglu during childhood is in excess of oxygen consumption (i.e., AG). b CMRglu (blue), CMRO 2 (red), and CBF (orange) were plotted across the lifespan as normalized proportions of average adult values. This analysis shows an approximate twofold rise in CMRglu and 1.5-fold rise in CMRO 2 during early childhood. Interestingly, CBF also increases twofold during early childhood, matching the changes in CMRglu, but it then appears to more closely follow changes in CMRO 2 during adulthood. Reproduced with permission from Goyal et al. [81] processes regulating Ab production and the subsequent release of Ab by neurons are poorly characterized. It has been shown that neuronal activity modulates Ab production via activation of muscarinic, serotonin, and glutamate [90] [91] [92] . Modulating neuronal activity alters extracellular soluble Ab levels in organotypic brain slices [93] . Our colleagues from Washington University demonstrated using APP transgenic and wild-type mice that synaptic activity dynamically modulates steady-state interstitial fluid (ISF) Ab level in vivo rapidly over minutes to hours [94] . The direct evidence in vivo has been provided that synaptic activity-induced increase in endocytosis also drives more APP into the endocytic compartment, ultimately resulting in increased Ab production and release [95] .
Observation that the concentration of ISF Ab is closely associated with Ab plaque growth in vivo [96] suggested a hypothesis that the steady-state concentration of ISF Ab in each brain region early in life would be predictive of the degree of subsequent plaque accumulation. To test this hypothesis, in vivo microdialysis was performed to measure the steady-state concentration of ISF Ab in multiple brain regions of young, 3-month-old Tg2576 (APPswe) Tg mice prior to the onset of plaque deposition. Steady-state levels of ISF Ab x-40 and Ab x-42 in hippocampus, striatum, barrel cortex and piriform cortex of these mice were commensurate with the degree of Ab plaque deposition in each region later in life at 18 months of age suggesting that regional differences in ISF Ab levels throughout life mediate the later spatial distribution of plaque deposition.
No evidence was found that Ab processing from APP or Ab clearance was related to the regional amount of plaque deposition [97] . It is well established that physiological neural activity stimulates AG in human brain and that the concentration of ISF lactate, a marker of AG, is increased during glutamatergic transmission [48, 86] . As it was found increased or decreased neuronal activity co-varied with Aß generation and the concentration of ISF lactate in barrel cortex, piriform cortex, hippocampus, and striatum in Tg2576 mice prior to plaque deposition was proportional to steady-state ISF Ab levels and subsequent plaque deposition in all brain areas examined [97] . This finding suggests that the spatial distribution of ISF Ab levels and plaque deposition is closely related to regional differences in chemical synaptic activity and AG.
To determine whether a causal relationship between physiological synaptic activity and ISF Ab concentration exists in vivo, the mouse whisker-barrel system has been utilized. In rodents, each whisker is somatotopically mapped onto a defined cluster of neurons called a ''barrel'' in primary somatosensory cortex. Neurons in each barrel respond to stimulation of the whisker to which they are connected. Whisker stimulation increases, while whisker removal decreases, synaptic activity in barrel cortex [98, 99] . Synaptic activity in barrel cortex of young Tg2576 mice has been acutely decreased by trimming all mystacial vibrissae on one side of the facial pad while performing in vivo microdialysis in barrel cortex of the contralateral hemisphere. This manipulation significantly reduced ISF Ab levels by up to 25 % by 9 h after vibrissae removal [97] . ISF lactate levels were also reduced during the same period after vibrissae removal, suggesting that the reduction in ISF Ab is due to reduced synaptic activity and concomitantly reduced AG. Neuronal activity was increased by stimulating the whiskers and assessed ISF Ab levels by in vivo microdialysis. Stimulation caused a rapid increase in Ab levels [97] . In 7-month-old APPswe/PS1dE9 (APP/PS1) mice, a longterm (28 days) whisker deprivation prevented growth of Ab plaques in the deprived barrel cortex, while significant plaque growth was observed in the intact hemisphere. Moreover, formation of new plaques was also significantly reduced in the deprived hemisphere compared to the intact hemisphere (Fig. 6) .
In the human brain in preclinical AD and in symptomatic AD, we have demonstrated that when Ab accumulates it does so in a distribution that closely mirrors that of elevated AG in the resting state of healthy young adults [18, 20] (Fig. 7) . Both the highest levels of AG and Ab plaque deposition at the preclinical and symptomatic stages of AD are concentrated in the DMN. We would like to stress that these elevated levels of AG are not just the consequence of elevated levels of overall energy metabolism. For example, primary visual cortex shows a very high level of glucose utilization and the highest levels of oxygen utilization (the primary measure of energy consumption) which in the primary visual cortex of the normal adult human is 35 % above the brain mean [18] . Yet primary visual cortex accumulates low levels of Ab and exhibits a minimal decline in glucose utilization in DAT [18, 100, 101] . The level of AG in primary visual cortex is at the brain mean.
These findings, taken together, strongly suggest that physiological synaptic activity associated with AG regulates ISF Ab levels and Ab plaque formation and growth in vivo. Regional differences in such synaptic activity in humans may render the DMN vulnerable to Ab plaque deposition through lifetime modulation of ISF Ab levels.
These observations compliment previous experiments and work we have done with PET in humans [18, 20, 36, 81, 97] and suggest that the DMN is involved in the early development of AD pathology prior to brain atrophy or cognitive impairment. It seems reasonable to suggest that the biology of learning and memory reflected in regional differences metabolism, gene expression and levels of cellular activity not only confer an ability to learn and adapt to an ever changing environment but also carry a potential risk of later developing Alzheimer's disease later life. The idea that the capacity for synaptic plasticity might carry risks as well as necessary benefits is an idea posed by others some time ago (e.g., see [102] ) but rarely voiced in present discussions regarding the pathophysiology of Alzheimer's disease. We believe that this issue deserves a discussion in more detail in light of the exciting new information available to us.
A very important next step in evaluating the role of AG in the pathophysiology of Alzheimer's disease in humans is obtaining detailed longitudinal quantitative measurements of regional brain circulation, oxygen consumption and glucose use (total as well as the fraction devoted to AG) with PET in individuals at risk for or symptomatic with AD. This should be done in a cohort of well-characterized individuals to permit comparison of these measures of brain metabolism with state-of-the-art biomarkers of AD and clinical and neuropsychological assessments in the same individuals. This work is highly significant for many reasons. It may extend significantly our understanding of the role of glucose in brain function beyond supplying energy via oxidative phosphorylation. It will also provide important new insights into the pathophysiology of AD and specifically Ab plaques accumulation, its relationship with established risk factors for AD and potential for aggravating the development of AD starting from the very early, preclinical stages of AD pathology and continuing throughout the course of the disease until substantial cognitive decline. Characterizing the relationship of changes in clinical assessments and biomarkers of AD to AG, regional circulation and metabolism will provide necessary background for the development of treatment approaches designed to reduce plaque formation by modulating synaptic function and for the establishment of AG not only as a biomarker of synaptic function but also as a useful marker of the efficiency of such treatments. Conflict of interest The authors, Andrei G. Vlassenko, MD, PhD, and Marcus E. Raichle, MD declare no conflict of interest regarding this article.
